At the time of writing, the genus contains seven recognized species and two subspecies, C. mixtus subsp. mixtus ACM 2601 T and Cellvibrio mixtus subsp. dextranolyticus (Blackall et al., 1985) , Cellvibrio japonicus NCIMB 10462 T (Humphry et al., 2003) , Cellvibrio vulgaris NCIMB 8633 T (Humphry et al., 2003) , Cellvibrio fulvus NCIMB 8634 T (Humphry et al., 2003) , Cellvibrio ostraviensis LMG 19434 T (Mergaert et al., 2003) , Cellvibrio fibrivorans LMG 18561 T (Mergaert et al., 2003) and Cellvibrio gandavensis LMG 18551 T (Mergaert et al., 2003) .
Besides C. vulgaris and C. fulvus, isolates from beech leaf matter, all recognized species of the genus Cellvibrio have been isolated from soil environments, nevertheless, strains belonging to the genus have been found also in aquatic environments (Rhee et al., 2010) . The genus Cellvibrio, especially C. japonicus, has been recognized and studied for its industrial enzymic potential to degrade a variety of polysaccharides, including those present in the plant cell wall (DeBoy et al., 2008) . Using a pyrosequencing analysis of rhizospheric soil Anderson & Habiger (2012) found that the abundance of an operational taxonomic unit related to the genus Cellvibrio was positively associated with biomass productivity in wheat. In a soil metagenomic library Voget et al. (2006) found various cellulose genes, one of which showed 77 % identity to a cellulose gene of C. mixtus. The recombinant cellulose protein expressed in Escherichia coli was highly temperature stable, salt-and pH-tolerant. These findings may indicate that members of the genus Cellvibrio might have a positive effect in the rhizosphere of plants, possibly by close interaction with root cells enabled by a robust cellulose activity. IP: 54.70.40.11 On: Fri, 15 Mar 2019 09:57:47 Strains E20 and E50 T were isolated from a natural salt meadow in a nature protection area near Münzenberg, Hessen, Germany (50 u 279 360 N 8 u 449 350 E), as part of an investigation on rhizospheric bacteria from salt-tolerant plant species and evaluation of their plant-growthpromoting abilities. In this study we demonstrate the presence of a previously unknown metabolic characteristic among the members of the genus. Strains E20 and E50 T have been isolated as nitrogen-fixing bacteria from the rhizosphere of salt-tolerant plants. The sequence of the complete chromosome genome of C. japonicus NCIMB 10462 (5Ueda107) (DeBoy et al., 2008) is available. In that genome no homologous gene for a nitrogenase could be found (http://www.genome.jp/kegg/kegg2.html) Plantago winteri and Hordeum secalinum plants were sampled during all four seasons of the year. The root systems of the plants were washed off thoroughly by vigorous shaking in sterile distilled water. Subsequently, the suspensions were diluted with sterile saline using standard dilution methods and then incubated on nitrogen-free LG medium (Turner & Gibson, 1980) at 28 u C for 2-3 days. Strain E20 was isolated from the rhizospheric soil of Plantago winteri during winter sampling and strain E50 T was isolated from the rhizospheric soil of Hordeum secalinum during autumn sampling using dilution streaking technique and then stored in glycerine stocks at 220 uC. All phenotypic and genotypic tests were done in parallel with the type strain C. gandavensis LMG 18551 T obtained from the Belgian coordinated collections of micro-organisms (BCCM) and used for reference in this study.
The colonies of strains E20 and E50 T were subcultured in trypticase soy agar (Oxoid) for handling and analysis purposes. Cell morphology of strains E20 and E50 T were observed by scanning electron microscopy (EM 300, Phillips) using cells grown on trypticase soy broth in stationary and exponential phases ( Fig. S1 , available in IJSEM Online). The Gram reaction was determined as described by Gerhard et al. (1994) on cells from 24 and 48 h colonies grown on trypticase soy agar (Oxoid) using a Zeiss microscope with 61000 magnification. The presence of flagella and pili was evaluated by light microscopy after flagella staining (Heimbrook et al., 1989) (Fig. S2 ).
Strains E20 and E50 T were tested for growth at different temperatures (4, 10, 16, 20, 28, 37, 45 and 50 u C) on TSA. Anaerobic and microaerophilic growth was checked on TSA using the Anaerocult A and C systems (Merck). Growth with different salt concentrations (1-8 % NaCl, with intervals of 1 %) was evaluated on TSA. Growth with 0 % NaCl was tested on plates containing 1.5 % casein peptone, 0.5 % soy peptone and 1.5 % agar. Catalase activity was determined by bubble formation in 3 % (v/v) H 2 O 2 solution and oxidase activity using oxidase test strips (Merck). Assimilation of different carbon sources was evaluated by adding the carbon sources to a basic mineral medium (Pfennig, 1978) . Other biochemical and enzymic activities were evaluated using API ZYM strips (bioMérieux) according to the manufacturer's instructions. Hydrolysis of CM-cellulose was determined with Congo red dye following the protocol of Kasana et al. (2008) . The sensitivities to antibiotics of strain E20, E50 T and C. gandavensis LMG 18551 T were tested with the disc diffusion method using a cell suspension (0.5 McFarland) from trypticase soy agar plates grown at 28 u C for 48 h. The cell suspensions were spread on TSA plates and discs (Oxoid) containing the following antibiotics: ampicillin (10 mg), chloramphenicol (10 mg), kanamycin (30 mg), penicillin G (10 mg), erythromycin (15 mg) and tetracycline (30 mg). The diameter of the inhibition zone were measured after 72 h of incubation at 28 uC and strains were considered susceptible when the diameter of the inhibition zone was .13 mm, intermediate for diameters between 10 and 12 mm and resistant for diameters ,10 mm as described.
Genomic DNA extractions from cells of the strains E20 and E50 T were obtained according to the method of Moré et al. (1994) . The G+C content of genomic DNA was measured using fluorimetric methods according to the method of Gonzalez & Saiz-Jimenez (2002) . The full-length 16S rRNA gene sequences were obtained by PCR (Kampmann et al., 2012) using the EUB9f (9-27) and EUB 1492r primer pair (Lane, 1991) . The PCR products were cleaned using a QIA quick PCR purification kit (Qiagen) and sequenced by LGC genomics (Berlin, Germany). The obtained 16S rRNA gene sequences of strains E20 (1474 bp) and E50 T (1409 bp) were compared with those of relatives retrieved from the GenBank database using MEGA software version 5.0 (Tamura et al., 2011) . Sequences were screened for chimeras using Bellerophon software version 3.0 (Huber et al., 2004) . The alignment of the 16S rRNA gene sequences of strains E20 and E50 T was performed online with the alignment tool SINA (v1.2.9) (Pruesse et al., 2012) . The obtained alignment was merged with the Living Tree Project (LTP) online database (LTPs108, July 2012) (Yarza et al., 2008) using the ARB software version 5.2 (Ludwig et al., 2004) . The similarity and the phylogenetic analysis were also performed using the ARB software version 5.2.
Maximum-likelihood (Felsenstein, 1981) and neighbourjoining (Saitou & Nei, 1987) trees were reconstructed using 1000 bootstrap analyses (Felsenstein, 1985) using the termini filter between positions 52 and 1467 (E. coli numbering; Brosius et al., 1978) of the 16S rRNA gene sequences.
For the fatty acid methyl ester analysis cell biomass was harvested from cultures of strains E20, E50 T and C. gandavensis LMG 18551 T grown 48 h on TSA plates at 28 u C. The fatty acid methyl esters were extracted and analysed according to the method of Kämpfer & Kroppenstedt (1996) . Fatty acids were separated by a gas chromatograph (model 5898A, Hewlett Packard). Peaks were automatically integrated and fatty acid names and percentages were determined using the Microbial Identification standard software package MIDI (Sasser, 1990) . DNA-DNA hybridization experiments were performed with E20, E50 T and C. gandavensis LMG 18551 T using the method described by Ziemke et al. (1998) .
The marker gene for nitrogen fixation nifH was evaluated using the primers described by Poly et al. (2001) with both the original protocol and with modification. The nitrogenase activities were detected using a modification of the acetylene reduction assay method (Hardy et al., 1968) . Cells grown in TSB for 48 h at 28 u C were washed twice using Nfb medium (Albrecht & Okon, 1980) and resuspended using the same medium to give an OD 600 of 0.04. Samples (5 ml) of this suspension were suspended in 60 ml bottles containing 5 ml Nfb semisolid medium and were incubated at 28 u C for 10 days. After growth of the cultures the bottles were sealed with butyl rubber stoppers, degassed and the gas phase was replaced by nitrogen. Acetylene and oxygen were added to a final concentration of (10 %, v/v, and 2 %, v/v, respectively). The bottles were incubated at 28 u C and the acetylene-reducing activity was measured by analysing acetylene and ethylene concentrations using a Perkin Elmer Auto system XL chromatograph equipped with a thermal conductivity detector and a Hayesep R column (2 m length, 2 mm diameter) at a helium (quality 5.0) flow of 28 ml min 21 . Protein concentrations were quantified using the Bradford assay with BSA as standard protein (Bradford, 1976) . All tests for the acetylene-reducing activity and the nifH gene PCR were performed in parallel using as a positive control the type strain Azotobacter vinelandii DSM 2289 T .
Strains E20 and E50 T were Gram-reaction-negative, aerobic, positive for oxidase, catalase-positive, chemoheterotrophic, non-pigmented, curved rod-shaped bacteria. Cells were motile by the means of single polar flagella (Fig. S2) , grew in 0-5 % (w/v) NaCl and at a temperature range between 16 and 37 u C. No growth was observed with 6 % NaCl or at 4 or 45 u C. After 48 h at 28 u C colonies were 2.0-2.5 mm in diameter, circular, slightly convex, non-mucoid, smooth and creamy when grown on TSA. On LG medium at 28 u C the colonies were 2.5-3 mm in diameter, brilliant, nonpigmented, non-mucoid and smooth after 48 h.
Strains E20 and E50 T presented the following phenotypic characteristics in common with all the species of the genus Cellvibrio with validly published names. Positive activity for alkaline phosphatase, leucine arylamidase, C4 and C8 esterases and N-acetyl-b-glucosaminidase; negative activity for C14 lipase, trypsin, a-chymotrypsin, b-glucuronidase, a-mannosidase, a-fucosidase and hydrolysis of cellulose, starch and aesculin. A comparison of the morphological, biochemical, physiological and cultural characteristics of strains E20 and E50 T with those of the other species of the genus Cellvibrio with validly published names are given in Table 1. BLAST analysis of the almost complete 16S rRNA gene sequences for the strains E20 (1474 bp) and E50 T (1409 bp) (GenBank accession numbers JQ922425 and JQ922426, respectively) showed that the novel isolates were most closely affiliated to the genus Cellvibrio. All 16S rRNA gene sequences of the species of the genus Cellvibrio were retrieved from GenBank and used to calculate the 16S rRNA gene similarity values. Strains E20 and E50 T share more than 95 % 16S rRNA gene sequence similarity with the species of the genus Cellvibrio with validly published names and therefore both belong to this genus (Ludwig et al., 1998) .
The 16S rRNA gene similarity values for the strain E50 T showed the highest similarity with strain E20 (98 %), followed by C. gandavensis LMG 18551 T (97.1 %) and both C. mixtus subsp. mixtus 2601 T (Blackall et al., 1985) and C. japonicus NCIMB 10462 T (Humphry et al., 2003) each with 96 % similarity value. The 16S rRNA gene sequences of the other species of the genus Cellvibrio with validly published names showed less than 95.9 % similarity. These results provided an indication that the strains E20 and E50 T were strains of the same species and could be distinguished from the other members of the genus Cellvibrio due to the principle that 16S rRNA gene sequences with values less than 97 % similarity may provide the first indication that a novel species has been isolated (Tindall et al., 2010) .
The DNA G+C contents of the E20 and E50 T strains were 52.1±0.6 mol% and 51.6 ±0.4 mol%, respectively, and corresponded with the values of this parameter obtained previously for the members of the genus Cellvibrio of between 44 mol% (Mergaert et al., 2003) and 53 mol% (Humphry et al., 2003) . The DNA-DNA hybridization results showed that the genomic DNA of strain E20 and E50 T was 39 % (reciprocal value 63%) and 58 % (67%) similar, respectively, to that of C. gandavensis LMG 18551 T . Whereas the similarity between strains E20 and E50 T was 86 % (100%) and therefore both belong to the same species.
These results revealed that strain E50 T , proposed as the type strain, represents a novel species considering that the DNA-DNA relatedness threshold for the definition of a species is 70 % (Stackebrandt & Goebel, 1994) and the value of similarity for this strain and the most closely related reference strain was lower that the reference threshold. It was also shown that strains E50 T and E20 are representatives of the same species since the DNA-DNA hybridization value was higher than the mentioned threshold. The phylogenetic trees reconstructed with neighbour-joining and the maximum-likelihood algorithms showed that strains E20, E50 T , C. gandavensis LMG 18551 T (AJ289162) and C. japonicus NCIMB 10462 T (AF452103) formed a monophyletic group with a bootstrap value of 73 % and 100 % respectively (Fig.  1) The tree topologies generated using neighbour-joining, maximum-likelihood and maximum-parsimony algorithms were very similar. (Fig. S3 ).
The major fatty acids for strain E20 (.5 %) were summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH) (28.15 %), C 16 : 0 (18.33 %), C 18 : 1 v7c (11.72 %), C 12 : 0 (9.78 %), C 18 : 0 (8.92 %), C 12 : 0 3-OH (6.22 %) and C 10 : 0 3-OH (5.24 %). Similarly the major fatty acids for strain E50 T (.5 %) were summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH) (30.0 %), C 16 : 0 (21.54 %), C 18 : 1 v7c (11.66 %), C 12 : 0 (8.89 %), C 18 : 0 (8.59 %) and C 12 : 0 3-OH (5.40 %). Results showed that for the two strains, E50 T and E20, the major fatty acid contents correspond with the profiles reported for the other strains of species of the genus Cellvibrio. The C 12 : 0 3-OH fatty acid present in strains E20 and E50 T (6.2 %) and (5.4 %) has not been previously detected in other species of the genus (Table S1 ).
The nifH gene amplification for strains E20 and E50 T did not yield any PCR products using the PolF and PolR primers either with the original protocol (Poly et al., 2001) or after changes in the annealing temperature, MgCl 2 concentration, primer concentration and/or DNA concentration. DNA extracted from A. vinelandii DSM 2289 T and Rhizobium leguminosarum DSM 6044 were used as controls and PCR amplifications with the primera PolF and PolR yielded the 360 bp large, expected band when modified and/or original protocol were tested.
The results for the acetylene reduction assays showed that strains E20 and E50 T were able to reduce acetylene to Table 1 . Morphology, growth characteristics and enzyme activities of strains E20 and E50 T in comparison to the closest phylogenetic relatives Taxa: 1, strain E20; 2, strain E50 T ; 3, C. gandavensis LMG 18551 T (Mergaert et al., 2003) ; 4, C. ostraviensis LMG 19434 T (Mergaert et al., 2003) ; 5, C. fibrivorans LMG 18561 T (Mergaert et al., 2003) ; 6, C. fulvus NCIMB 8634 T (Humphry et al., 2003) ; 7, C. vulgaris NCIMB 8633 T (Humphry et al., 2003) ; 8, C. mixtus subsp. mixtus ACM 2601 T (Humphry et al., 2003) ; 9, C. japonicus NCIMB 10462 T (Humphry et al., 2003) .+, positive; 2, negative; D, strain-dependent; CR, curved rods; SR, straight rods; ND, not determined; SP, single polar; MF, mixed flagellation; 2P, two polar flagella. ethylene at 6.7 mmol (mg protein) 21 h 21 and 7.1 mmol (mg protein) 21 h 21 , respectively. The rate of nitrogen fixation was calculated using the theoretical minimum ratio value of acetylene reduction to N 2 reduction 4 : 1 (Schwintzer & Tjepkema, 1994) . Strains E20 and E50 T reduce dinitrogen at a rate of 1.68 mmol N 2 (mg protein) 21 h 21 and 1.78 mmol N 2 (mg protein) 21 h 21 , respectively. The rate for the positive control A. vinelandii DSM 2289 T was 4.5 mmol N 2 (mg protein) 21 h 21 . Similar results for A. vinelandii ATCC 13705 [6.7 mmol N 2 (mg protein) 21 h 21 ], have been previously reported (Linkerhägner & Oelze, 1997) .
Emended description of the genus Cellvibrio
The description of the genus Cellvibrio is as given by Winogradsky (1929) and in the revival of the genus given by Blackall et al. (1985) with the following amendments. Some strains are capable of nitrogen fixation and able to grow in the presence of up to 5 % NaCl. Major fatty acids are summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH), C 16 : 0 , C 18 : 1 v7c, C 12 : 0 , C 18 : 0 and C 12 : 0 3-OH. Susceptible to kanamycin (30 mg), tetracycline (30 mg) and erythromycin (15 mg) and resistant to ampicillin (10 mg), chloramphenicol (30 mg) and penicillin G (10 mg).
The type strain, E50 T (5LMG 27267 T 5KACC 17069 T ), was isolated from a rhizosphere of Hordeum secalinum in a salt meadow in a nature protection area nearby Münzenberg, Hessen, Germany. Strain E20 (5LMG 274595KACC 17068) was isolated from a rhizosphere of Plantago winteri in the same area and belongs to the species. The DNA G+C content of the type strain is 51.6 mol%. Cellvibrio diazotrophicus (E20 JQ922425) Fig. 1 . Neighbour-joining tree based on 16S rRNA gene sequences for the strains E20 (1474 bp), E50 T (1409 bp) and members of the genus Cellvibrio with validly published names. Bootstrap percentage (based on 1000 replicates, Jukes-Cantor) numbers are shown above the lines. Values presented below the lines corresponded to the bootstrap value (1000) of the maximum-likelihood tree. Filled circle indicates that nodes with the same branch topology were found in the neighbourjoining and maximum-likelihood trees. Bootstrap values lower than 70 are not shown. Bar, 0.01 substitutions per nucleotide position.
